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Neutron Coincidence Instruments
and Applications

H. O. Xhdove

17.1 NEUTRON COINCIDENCE SYSTEM DESIGN PRINCIPLES

Neutron coincidence counting has been used extensively during the past few years for
the nondestructive assay of nuclear material. The usefidness of the technique is due
primarily to the good penetrability of fast neutrons and the uniqueness of time-
correlated neutrons to the fission process and thus the nuclear material content.

In considering the design of a neutron coincidence system, the primary variables that
should be considered are (1) the type of neutron detector, (2) the moderator and
shielding materials, and (3) the mass ~e, and sample characteristics. In general,
neutron coincidence counters need higher detection efficiency than total neutron
counting systems because of the requirement to count at least two neutrons. This
requirement makes the coincidence counting ~te propo~ional to the square of the
detector efficiency. The high, efficiency is usually accomplished by good geometric
coupling between the sample and the detector (for example, a 4Xor well counter) and by
the use of efficient thermal-neutron detect~rs.’

Most of the neutron coinci~e.ncecounters ‘incurrent use contain 3Hegas tubes because
of their high efficiency, reliabd~ty,ruggedness, ,and gamma insensitivity. Tubes contain-
ing BF3gas are timetimes used,to reduce ~sts or to operate in higher gamma-ray fieldq
however, their efficiency is ab@t a factor of 2 less than ihat of 3He tubes. The main
disadvantage of 3He and BF3gas tubes for’coincidence applications is that the neutrons
have to slowdown to thermal energy via sca~teringcollisions before they are detected in
the tubes and this slowingdown process W a rather large die-away time (t) in the
detector. As a result, the coim$idencegate ti~~ (G) in the electronics must be set at a
relatively large value (10 to 100 vs) to detict the ~ime-correlated coincidence neutrons.
Ultimately the large gate len~ increases, tie s~tistical error for high-counting-rate
applications.

Computer calculations employing Monte C%rlocodes for neutron transport have been
used to optimize the design of 3He neutron coincidence detector systems. The following
parameters are irnpoitant in the desigm (1) to@l neutron efficiency for spontaneous
fission neutrons, (2) sensitivity to sample rnatqix wterials, (3) neutron die-away time in
the detector moderator material, and (4) wei@ and cost of the system. Neutron
coincidence counters have been applied to the asstiyof a wide range of plutonium masses
and container sizes, making it necessary to emphasize different parameters to achieve
specified &tector characteristics. Examples of the optimization of thermal-neutron
counter designs by Monte Carlo calculation are given in Chapter 14.
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Several assay systems based on coincidence counting have used fast-neutron recoil
detectors to avoid the die-away-time problem associated with thermal counters. Exam-
ples ofthese detectors are liquid and plastic scintillators and 4He gas recoil counters. The
scintillators are sensitive to gamma-ray backgrounds and the 4He tubes are relatively
inefficient. Examples of coincidence systems based on fast plastic scintillators are the
Random Driver, Isotopic Source Assay System, Isotopic Source Assay Fissile, and early
models of fuel-pin scanners; all have been documented in previous publications (Refs. 1
through 3).

The remainder of this chapter focuses on thermal-neutron coincidence systems
because they dominate the practical applications. Many of these systems have been
developed to the stage where commercial equipment is now being used in nuclear
fabrication facilities. Recently, inspectors have been using portable equipment to verifj’
operator declaration of nuclear fuel content.

Because of the l&ge range of applications, it has been necessary to develop different
assay systems to accommodate difficult types of samples. In contrast to the procedure
used in chemical analysis, where the sample is modified to “fit” the instrument in
nondestructive assay the instrument is modified to fit the sample. The following sections
describe the ins~ments, principles of operation, and applications. All of the instru-
ments descdbed an3based on the method of neutron coincidence counting using time-
correlation electronic circuitry.

17.2 PASSIVE NEUTRON COINCIDENCE SYSTEMS

Neutron assay instrumentation has been standardized by using the neutron coin-
cidence technique as a common basis for a @de range of instruments and applications.
The shift-register electronics (Ref. 4) originally ,,developed for the H@-~vel Neutron
Coincidence Counter (HLNCC)(Ref. 5) has be$n adapted ~to :~th passive- and active-
assay instrumentation for field verification’ o! bulk pluton~,um; lgventory samples,
pellets, powders, nitrates, high-enriched uranium, and materials-testing-reactor, light-
water-reactor, and mixedyxide fuel asiernblies~ This family of i~st~ments all use the
standard shifi-register electronics package. The, “Itimily tree’”in Figure 17.1 shows the
relationship between the stan~d electronics ,(the “trunk),’ the ~ssay systems (the
branches), and,the ‘@anydi~erent ‘applmatlons.The detectors for all of the assay systems
are 3Hetube$ ma~chedto prqmde the same gpin~as,thesame hi@-voltage settings. Thus,
the s@dard eldct~onics:package ~n M &rectli substituted between the iwsay systems
with no change in Connectors qr, parhe~e~. ~Because ‘the electronic components
domina~ the lrn@nten@e wor~’ ~e’ total a~ount of rnaintenan~ effort is greatly
reduced by this standardization. Operator training is also simplified because an operator
trained to use the HLNCC becomes,at ea~ with other systems after only a few minutes
of orientation.

Individual instmments ‘hat are based ‘onthe st@ard neutron coincidence electron-
ics include

(1) the 55-galdrum counter for scrap barrely
(2) the HLNCC for bulk plutonium assay;



Neutron Coincidence Instruments and Applications

FUEL “ASSEMBLIES BULK URANIUM Pu & MOX

I
,, ,,L” k. ,.

r )/n..””

v,.--,....

# ] JOYO I

ELECTRONICS

PORTABLE NEUTRON ASSAY APPLICATIONS

LEGEND

HLNCC - HIGH-LEVEL NEUTRON COINCIDENCE COUNTER
AWCC - ACTIVE WELL COINCIDENCE COUNTER
ANCC - ACTWE NEUTFiON COINCIDENCE COLLAR
PNCC - PASSIVE NEUTRON COINCIDENCE COLLAR
ISCC - INVENTORY SAMPLE COINCIDENCE COUNTER

Fig.17.1 “Family-tree”diagramofactiveandpassive neutroncoincidence
systems and applications basedon thestandardshifi-re~”sterelectron-
icspachwgedevelopedfor theHLNCC.
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(3) special purpose coincidence heads for fast-critical-assembly (FCA) plates and
trays, fast-breeder-reactor (FBR) subassemblies, mixed-oxide (MOX) pin trays,
and plutonium nitrate bottle~

(4) the Inventory Sample Coincidence Counter (ISCC) for small samples of pluto-
nium nitrate, pellets, and PU02 powdew,’

(5) the plutonium nitrate solution counter for in-line application and
(6) theuniversal FBR subassembly counter. ~
These and other passiveinstruments and applications are deseribed in Sections 17.2.1

through 17.2.8.

17.2.1 The 55-Gallon Barrel Counter

An early application of passive neutron coin+dence counting to plutonium measure-
ment was the 55-gal barrel counter (Ref. 6).’This system was designed, to measure
compacted scrap and waste in 55-gal ‘barrels ~or cartons. The, ~material,could not be
measured by conventional chemical techniques Because it was too heterogeneous to
sample.

——— —–———-.-- ...— ——..—.—. .. ..
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The barrel. counter shown in Figure 17.2 contains BF3 gas tubes imbedded in a
polyethylene matrix. The sides of the counter consist of a 10-cm-thick annulus of
polyethylene containing thirty-six 5-cmdiam BF3 detectory the top and bottom of the
counter consist of 10-cm-thick slabs of polyethylene, each containing nine 5-cm-diam
BF3 detectors. The annulus separates into two parts to allow introduction of a 55-gal
barrel. The top and sides of the counter are surrounded by a 30-cm-thick water shield.
Figure 17.2 shows a general view of the 47cbarrel counter in its “open” (separated)
configuration, with a 55-galbarrel inserted.

Initially the coimter was operated without a cadmium sleeve on the inside of the
polyethylene annulus. This configuration kept the neutron counting efficiency as high as
possible and resulted in a long neutron lifetime (measured to be 125ws).The configura-
tion is useful for low-level counting of less than a few grams of plutonium in a barrel. The
single-neutron counting efficiency was measured to be 12%, and the coincidence
et%ciencywas measured to be 1.5%.The lifetime of 125 ps decreased to -50 ps when a
cadmium layer was inserted inside the polyethylene annulus and, as expected, the single-
neutron and coincidence counting efficiencies also decreased.

It was found that neutrons generated by cosmic rays produce a considerable coin-
cidence background in the counter. At Los Alamos (elevation -7500 ft), this back-
ground amounts to 0.250* 0.002 coincidence counts/s—the same rate as from a 0.2-g
sample of plutonium (20%2aPu). This coincidence background limits the sensitivity of
the counter to about 0.25 g of plutonium unless a multiplicity measurement is made to
correct for cosmic-ray events. Near sea level, where most commercial plutonium
processing facilities are located, the cosmic-ray coincidence background will be lower by

Fig.17.2 Passive coincidence counter for 55-gal barrels.
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roughly a factor of 2. The background rate can also depend somewhat on the mass and
composition of the waste container. For example, when six lead bricks (77 kg) were
placed in the barrel counter to measure the production of neutrons by cosmic rays in
high-Z materials, the observed coincidence counting rate (above background) was 0.91
A 0.02 counts/s, which is equivalent to about 0.7 g of plutonium (20% 240Pu).

For the assay of plutonium-bearing waste, passive coincidence counting is more
accurate than total neutron counting because it is not sensitive to (a,n) reactions in the
matrix. However, the detection sensitivity may be less, depending on the chemical form
of the material and the background coincidence rate.

17.2.2 The High-Level Neutron Coincidence Counter (HLNCC)

In 1975, work was initiated at Los Alamos to design a portable neutron coincidence
counter that could measure cans containing up to 2500 g of Pu02. The counter was to be
modular so that its configuration could be modified to accommodate different
geometries such as plates and pins. The design effort led to the hexagonal model shown
in Figure 17.3. The intermediate layer of cadmium shown in the figure was added to
reduce efkiency, matrix sensitivity, and die-away time for the counter.
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Fig.17.3
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Portable High-Level Neutron Coincidence
Counter (HLNCC)fortheassay ofhigh-
moss plutonium samples.
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The HLNCC contains six banks of detectors, each bank containing three 3He tubes
embedded in a polyethylene matrix. The 25-mm-diam tubes have an active length of 508
mm and are filled to a pressure of 4 atm. The system has an efficiency of - 12%and a
neutron die-away time of 32 ps (Ref. 5).

When work was initiated on the HLNCC, the maximum totals count rate that could
be processed by coincidence electronics was typically 20 to 30 kHz. For this reason
parallel development of a high-speed, portable shift-register electronics package was
undertaken. The electronics package (Figure 17.4) contains six channels of electronics,
the shift register (see Chapter 16),and a microprocessor to read out the data to a Hewlett
Packard HP-97 programmable calculator or other computer. Operation of the system is
very simple because of the interface between the shift reg@er and the programmable
calculator. The operator needs only to load the sample and press the start button. The
data collection, reduction, error analysis, calibration, and readout are performed by the
calculator.

During the past 5 years, the HLNCC has been used for a large variety of samples,
including bulk FU02 powder, mixed-oxide powder, pellets, and pins, and FCA coupons
and trays. The maximum design mass of 2.5 kg of plutonium has been extended by over
a factor of 2, and the totals counting rate has been pushed up above 300,000 counts/s. At
this count rate, there is a large deadtime correction of 3 to 4 for the coincidence rate and
the results can only be used relative to a calibration curve with similar counting rates.
The standard HLNCC detector and electronics are commercially available and are in
use by both plant operators and inspectors.

Recent improvements in the HLNCC detector and electronics are described in the
following section.

Fig.17.4 Stan&rdHLNCCshz@re@ter electronicsandHP-97programmable calculator.
This unit suppliesthe requirementsfor all oftheassaysystems shown in Figure
17.1.
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17.2.3 The Upgraded High-Level Neutron Coincidence Counter
(lILNCC-II)

A new upgraded version of the HLNCC has been designed and fabricated. The
detector still contains 18 3He tubes, but in a cylindrical polyethylene body. Faster
amplifiers have been incorporated into the electronics, and the detector body has an
improved design. The vertical extent of the uniform efficiency counting zone is three
times longer than that of the original unit without an increase in size or weight. Figure
17.5 is a cross-seetion view of the HLNCC-11, and Figure 17.6 is a photograph of the
complete system.

A-prima design goal for the HLNC~II was to obtain a uniform or flat counting
response profile over the height of the sample cavity while still maintaining ‘aportable
system. This was achieved by placing rin~ of polyethylene as ‘shims” at the top and
bottom of the detector to compensate for~leakag~ofneutrons from the ends. In addition
to these outside rings, the interior end ~plugswere designed to increase the counting
efficiency at each end. The end plugs were constructed of polyethylene with aluminum
cores to give a better response than plugs made of ei~er material alone would give. Also,
the sample cavity has a cadmium liner to~@event’thermalneutrons from reflecting back
into the sample and inducing additiond~ @sions. Because the cadmium liner does not
extend into the region of the end plugs, the polyethylene in the walls of the end plugs
becomes an integral part of the moderatc)~~niatekalfor the 3He tubes.

The totals and coincidence response ~~ofiles of the new counter Weremeasured by
moving a 252Cfsource along the axis of:fie sample cavity;, The normalized response
profiles are shown in Figure 17.7,where t~~ dashed cu~es refer to the original HLNCC.
The improvement in response is apparen~.~~able17-1compares some of the key features
of the HLNCC and the upgraded HLNC~-1~.

,’

/ELECTRONICS

1+17.5 mll~

—34.0 cm—

Fig.17.S Cross-section view of the upgraded
High-Level Neutron Coincidence
Counter (HLNCC-11).
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Fig.17.6 ViewoftheHLNCC-IZshowing
thesix indicator lightson the
electronicsjunrtionbox at the
top oftheunit andtheshij%gis-
terelectronicspackage onthe
table top.

The new counting electronics package developed in parallel with the HLNCC-11 is
based on the AMPTEK A-111hybrid charge-sensitive preamplifier/discriminator (Ref.
7). Pulses resulting from neutron events are discriminated on the basis of puke height
fi’om noise and gamma-ray events at the output of the preamplifier. This approach
eliminates the need for additional pulse-shaping circuitry and allows a maximum
counting rate of about 1300 kHz, about four times higher than previously attainable.
The electronic deadtime is also a factor of 4 lower than that of the previous system (see
Section 16.6.5).

The new electronics package is capable of measuring samples of significantly larger
mass, usually limited only by criticality considerations. The small
preamplifier/discriminator circuit is placed directly next to the base of the 3He tubes
inside a sealed box to enhance the signal-to-noise ratio. Under laboratory conditions, the
totals counting stability was measured to be 0.002%over a 2-week counting period. This
is the best stability ever observed with nondestnictive assay systems.

The HLNCC-11and its new electronics have been used to assay PU02, PuF4, mixed
oxide, and other plutonium compounds. An example of the response of the system for
PU02 both with and without multiplication corrections is shown in Figure 17.8. The



Neutron Coincidence Instruments andApplicalions 501

I I I I

IJJ 1.0 -+ -
1- //-
<
a

/
0 \

m / HLNCC \\
HLNCC-11

< 0.9 –/’ \
1-
0
1-

0.8 I I I I

1.0 -

: /

Q: / \

~ ~ 0.9 - / \

ZO / \

~g / \

/
g $0.8 -/

HLNCC\ \ TOP

G
v

t
TOP

0.7 I I I [

o 10 20 30 40

DISTANCE FROM BOTTOM (cm)

Fig.17.7 Normalized responseprofilesfor total and coincidentneutron
countingfor the HLNCC (c/aShedlines)and the upgradedver-
sion HLNCC-11 (solid lines), showing a three-times-longerjlat
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Table 17-1.Deteetor parameter comparison for the HLNCC and the
HLNCC-11

Item HLNCC HLNCC-11

17.5cm 17.5 cm
35.0 cm 41.Ocm
32-36cm 34.0 cm
48 kg 43 kg

Cavity diameter
Cavity height
Gutside diameter
System weight
3Hetubes:
(a)Number
@)Active length
(c)Diameter
(d) Gas fill
(e)Gas quench

Efficiency
Die-away time
Cadmium liner
Flat counting zone
(Coincidence, 2%from max.)
(Totals, l%from max.)

18
50.8 cm
2,5 cm
4 atm
Ar + CH4
12%
33 us

18
50.8 cm
2.5 cm
4 atm
Ar + CH4
17.5%
43 f.ls
removable

11.Ocm 30.5 cm
10.5cm 33.5 cm

.——..——— ..——
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EFFECTIVE 240Pu MASS (g)
Coincidence response oftheHL.NCC-11 with the new, f~tw
electronics for a van”etyof 1argePu02 samples, both with and
without multiplication correction.

Id@eat mass point, at about 300 g 2@u-effective, corresponds to two cans of Pu02
stacked on top ofeach other. The air gap between the two plutonium masses reduces the
geometric coupling compared to that of a single can with the same total mass. This
reduction in coupling results in less neutron multiplication and causes the double-can
data point to lie below the calibration curve. After the multiplication is corrected for, as
described in Section 16.8, the double-oan data point lies on the straight line defined by
the single-can &ta.

17.2.4 Special Detector Heads for FCA Coupons

For many applications, it has been desirable to custom design the detector head to the
specific application. Even though this specialization proliferates detectors, it reduces
assay time, calibration effort, and the number of standards, and decreases the chance of
error in the assay. This section and Sections 17.2.5 through 17.2.8 deseribe some of the
special detector heads that have been developed from the HLNCC and that use the same
electronics.

At fmt critical assemblies, metallic plutonium coupons are typically found in rec-
tangular storage drawers (5 by 5 by 40 cm), and it is desirable to verifi the plutonium
content without removing the coupons from the trays. The Channel Coincidence
Counter (Ref. 8) shown in Figure 17.9was designed for this purpose.

The principal fixiture of the detector is the 7-by 7-em channel, which runs the full
length (97 cm) of the detector. This channel is largeenough to hold FCA fiel drawers and
certain fhel-rod trays, but is small enough to permit high and reasonably uniform

.— — ——



Neutron CoincidenceInstruments andApplications 503

‘‘ \\\@ ~’cHANNEL

.,,,,,,!
.,....j~.j~

Fig.17.9 Isometric dti@am ofthe ChannelCoincidenceCountermedforthemay of
fmt-criticalkssembly (FC@@eltraysandmtied-oxide~lrti.

coincidence counting efficiency. Three top plugs are also provided with the system. Any
one of these ean be removed to provide a slot for gamma-ray measurements of the
sample. The center top plug is also used as a source holder for detector calibration.

A calibration curve for plutonium plates in FCA drawers is shown in Figure 17.10.
The data used for the construction of this curve were acquired with zero-power
plutonium-reactor (ZPPR) fiel plates arranged in single, double, and triple rows with
matrix materials of iron, aluminum, carbo~ and ‘depleted uranium. An increase in the
response caused by neutron multiplication is evident for the higher plutonium mass
loadings. Also, the data for triple rows of plutonium plates show an increased multipli-
cation compared to single and double rows. The standard self-multiplication correction
teehnique (see Section 16.8)will correct for these diffkrenees. The precision for counting
FCA drawers is better than 1% in 1000 s. This Channel Coincidence Counter is in
routine use at a cntied assembly tlwility (Ref 9).

A Bird Cage Counter was designed for assaying the’same plutonium metal coupons,
but it was necessary to make the measurement inside of the “bird cage” used to store and
transfer the coupons. The detector consists of 3He tubes in a polyethylene matrix. The
detector has a rectangular shape and an open interior region to set over the cylindrical
storage canister. The coincidence response shows a neutron multiplication increase for
the higher mass loadings. Precision and accuracy of -1% can be obtained in counti~
times of 1000s. This counter is in routine use at FCA fiaeilities.

,—.——.
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A special neutron coincidence counter has been designed for verification of FBR fuel
pins contained in storage trays (Ref. 10). The tray counter, shown in Figure 17.11,
consists of a flat array of 3He tubes in polyethylene slabs. A through slot in the counter
provides a cavity for insertion of the stainless steel tray used by the fhcility operimorto
handle fiel pins in batches of 24. The tray can be inserted into the front of the counter
and removed from the front or back as the user desires. Unlike the more desirable
geometry found in cylindrical or hexagonal counters, the tmy counter is flat. It is
therefore necessary to match the individual detector banks to obtain a uniform spatial
response. The uniform response region is -55 cm long and 30 cm wide, corresponding
to the active plutonium region of the fiel pins. The tray requires a clearance height of
about 25 mm.

The detector can be used to measure a tray of FBR pins in 2 to 3 min with a sensitivity
of much better than one pin. The primary advantage of the counter is that verification of
a full tray of pins is possible without unloading or handling individual pins. The FBR
fiel-pin tray counter is currently being used at a plutonium fuel fabrication fhcility.

FBR subassemblies contain large quantities of plutonium (5 to 16 kg), and the
verification of this material is of high safeguards importance. Figure 17.12 is a photo-
graph of the cylindrical coincident counter used for the measurement of FBR fuel
subassemblies. The unit consists of 12 3He tubes placed in a polyethylene anmdus for
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Fig.17.11 Thefhst-breeakr-reactor(FBR)jhel-pintray counterusedforthe verificationofpin
storage trays. Thestandard sh;@registerelectronicspackage andpreamplifier
junction box are on top of the counter.

neutron moderation. The active length of the detector is 1.21 m so that the entire
plutonium region is contained inside the counter. The absolute effkiency of the counter
is -7%. The initial design of the counter gave a uniform response over the central 60-em
region, which is adequate for the smaller prototype FBR.

Several FBR reactors have plutonium-active regions as long as 92 cm and use
subassemblies with plutonium mass loadings up to 15 kg. The 15-kg mass loading is
about a factor of 3 higher than the mass that can be conveniently measured with the
conventional electronics designed for the HLNCC. The need to measure entire FBR
subassemblies with high mass loadings led to the development of the Universal FBR
Counter (UFBR)(Ref. 11). This counter provided the first practical application of the
new fhster AMFTEK counting electronics (Ref 7).

Figure 17.13 shows the UFBR detector system with the analog portion of the
electronics system located at the top of the cylindrical deteetor. The detector is long
enough to completely contain the active plutonium region of FBR subassemblies. To
obtain a flat response over the 92-cm fiel length, each of the 12 3He tubes is surrounded
by a layer of polyethylene and cadmium. The cadmium is removed near the ends of the
detector to inereaae the efficiency at the ends and to compensate for the leakage of
neutrons. Figure 17.14 shows the normalized, to@s and coincidence response as
measured along the axis of the detector using a 252Cfsource.

In the UFBR counter, the 3He tubes have an active length of 122cm and a diameter of
2.54 cm,and are filled with 4-atm gas pressure. The efficiency of the system is 7.2% and
the neutron die-away time is 21.6 ps. These specifications result in a measurement
precision of 0.5%(1@ in a 1000-scounting time for typical FBR fuel subassemblies. Two
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Cylindrical coincidence
counter for the verl~cation
ofFBRfiel subassemblies.

of these systems are undergoing field test and evaluation for the future verification of
FBR subassemblies. The initial testing and calibration of the system was performed
using Fast Flux Test Facility subassemblies at the Washington Hanford Company in
Richland, Washington.

17.2.6 Inventory Sample CoIncidence Counter (ISCC)

Analysis of plutonium inventory samples by inspectors has been made increasingly
dit%cuh by transportation regulations. To reduce shipping requirements and to obtain
more timely results, independent on-site verification capability is needed, particularly
for reprocessing plants and plutonium facilities. This need has led to the development of
the Inventory Sample Coincidence Counter (ISCC)(Ref. 12)for quantitative verification
of the amount of plutonium in product inventory samples. The system is portable, and
the samples can be assayed in the vials normally used to transfer samples to an analytical
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Fig.17.13 The UniversalFBR (UFBR)
Counterwith the newAMPTEK
electronicsusedfor measun”ng
FBRfielsubassemblies.

laboratory. Pellets and powders can also be assayed. This unit uses the same electronics
as the HLNCC, but it is much more efficient and is designed to operate in a much lower
mass range (O.1to 500 g Pu).

Figure 17.15 shows the ISCC detector body. The sample cavity accommodates
samples that fit in the 5-cmdiam by 14-cm-tall cylindrical sample holder. The sample
cavity enlarges to a diameter of 8.8 cm by removing the polyethylene cylinder. The high-
density polyethylene moderator and the detector tube spacing were designed to make the
system relatively insensitive to hydrogenous material in the sample matrix. The 35%
efficiency of the ISCC is about three times larger than that of the HLNCC, and thus the
required measurement time for small samples is about one-ninth that of the HLNCC.

Becausethe ISCC is physically limited to small samples, the neutron attenuation and
multiplication effects are small and the calibration curves are veiy nearly a straight line

2@pu-effetiive mass, R is the coincidencegiven by the function m = aR, where m is the
rate, and a is the calibration constant. For solution samples such as plutonium nitrate,
there is a slight amount of neutron-induced multiplication: This curvature is approx-
imated by the power function m = aRb,’where b is close to unity.

The ISCC can assay individual mixed-oxide pellets or groups of several pellets. Figure
17.16 shows the counting precision (1cr)as a function of measurement time. A sample
containing four typical mixed-oxide or fret-breeder-reactor fuel pellets gives a precision
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of -1% in 200 s. A set of mixed-oxide fuel pellet standards was used to establish a
calibration curve. Figure 17.17 shows the response function for the individual pellets.
The percentage of plutoniufi in the pellets (Pu/Pu02-U02) ranged from 1.4 to 21.6%. A
straight line gave an excellent fit to the data. Because of the relatively small amount of
material in the sample, the particular shapes or densities do not affkct the measurement.
Thus, samples of Pu02 powder fall on the same calibration curve as pellets.

A set of plutonium nitrate solution standards was prepared for use in calibrating the
ISCC. The solutions ranged in volume from 3 to 9 mL and, the concentration varied
from 150 to 350 g/L. The assay results did not depend on the volume over this range, but
the solutions with larger plutonium masses gave a slightly larger (-5%) response per
gram because of neutron multiplication.

Because the calibration cufies are nearly linear, the requirements for physical
standards are reduced. A 252Cfcalibration source can be used for in-field normalization
of the electronics system to a previously measured calibration curve. Another approach
is to establish a normalization standard at the nuclear facility. For exa,mple, two fiel
pellets can be taken from the inventory and carefully measured in the ISCC. Then one
whet can undergo destructive chemical analysis and the other can be sealed and used as
a long-term normalization standard. ‘Thisprocedure is essentially the same as that ‘used
for the 252Cfsource calibration, but the 252Cfsource calibration takes less time for the
routine normalization measurement and the source can be more easily handled and
transported becaus6 it contains only -4 ~Ci of activity (about 106‘times less than a
plutonium standard).
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17.2.7 Counters for Bulk Plutonium Nitrate Solutions

In principle, the spontaneous fission of the even isotopes of plutonium can be
deteeted as readily in solutions as in metals or oxides. The uniform density, distribution,
and matrix material of the solution can in fact yield very precise and reproducible
assays. In practice, however, neutron moderation and absorption within the solution
can bias the assay. This section describes two neutron coincidence counters designed
speeitieally for the assay of solution samples of 1L or more in which such effects can be
observed.

The SohXion Neutron Coincidence Counter (SNCC)(Refl 13) was developed for the
assay of flowing solutions that are too bulky or contain too many fission products to
assay conveniently by gamma-ray counting. Figure 17.18 illustrates the SNCC with its
interior asyty chamber of 1-Lvolume and its inlet tid outlet tubes. Twenty-six 3Hetubes
are tightly spaced in two rings wound the chamber to achieve high counting eflkiency.
The 50-cm aqtive-length tubes confine the sensitive detection volume to the bottle.
Partial eadmi~ liners are used to obtain a nearly flat axial efficiency profile. Because
the solution provides -2.6 cm of moderator ~ic@ess, only 1.1 cm of additional
polyethylene is used between the solution and the first ring of 3He tubes to provide
optimum respoqse for plutonium solutions. With this thickness, the absolute efficiency
is 33%and the die-away time is 38,pa. Including its lo-cm-thick polyethylene shield and
l-cm-thick stekl shell, the SNCC is 48 cm in diameter by 82 cm long.

The SNCC was installed above an experimental glovebox in the IAMAlamos
Plutonium Processing Facility. Bottles of solution were transferred to the glovebox by
the plant’s conveyor system. The solution was then drawn up into the counter by
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vacuum through doubly contained stainless steel tubing. The neutron counter can be
assembled or ditissembled without disturbing the solution transfm loop. Thus, for an
actual in-plant installation the SNCC can be assembled around an existing pipe without
penetration of the plumbing.

Plutonium nitrate solutions ranging from 2 to 100 g/L of plutonium (0.2 to 12 g/L
2~) were assayed in the SNCC. Each solution was assayed repeatedly’ to verifi
stability and reproducibility. The assay results were compared with chemical analysis of
samples by coulometric titration or isotopic @lution mass spectrometry. we results
plotted in Figure 17.19show upward curvature due to self-multiplication in the solution.
When corrected for this effkct and fitted to a straight line, the nondestructive assay
results show a 1.6% scatter relative to chemistry.

A Plutonium Nitrate Bottle Counter (PLBC)(Refl 14) was designed for the assay of
plutonium nitrate in large lo-cm-diam by 105-cm-high bottles. This detector is similar
in size and shape to the FBR fiel subassembly counter shown in Figure 17.12. It is
intended for use in reprocessing plants or nitrate-to-oxide conversion fwilities where
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such large bottles are used. Initial assay results for three of these bottles are shown in
Figure 17.20. The middle sample (at about 100 g/L) has more multiplication than the
largest sample (about 200 g/L). Above 100 g/L the decrease in hydrogen concentration
leads to a deerease in multiplication.

17.2.8 The Dual-Range Coincidence Counter (DRCC)

For many applications of neutron well coincidence counters, it is desirable to assay
samples with masses in the range from less than one gram to a few kilograms of 1%02 To
achieve this wide-range capability, the Dual-Range Coincidence Counter (DRCC) (Ref.
15) was designed and fabricated. The dual-range capability is achieved by having two
removable cadmium sleeves near the 3He detectors. These sleeves can be inserted for
low-efficiency operation with a short die-away time and removed for high-efficiency
counti~ with a long die-away time.

The geometry of the counter is shown in Figure 17.21. The cadmium sleeves on both
sides of the middle polyethylene cylinder (moderator) are removable. The detector
consists of203He tubes of 2.54-em diameter filled to a pressure of 4 atm. The inner and
outer polyethylene cylinders (moderators) are each 3.0 cm thick. The cadmium sleeve
(1.0 mm thick) on the inside of the well stops low-energy neutrons from returning to the
sample position, thereby redueing multiplication for high-mass loadings. The outer
cadmium sleeve improves the effectiveness of the exterior lo-cm-thick polyethylene
shield

Thus, the counter has two modes of operation (1) one for the low-mass range, with
both removable cadmium sleeves removed for maximum efficiency, and (2) one for the
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high-mass range, with all the cadmium sleeves in place to give a short die-away time and
correspondingly short electronic gate width in the coincidence circuitry. For operational
mode (l), the singles efficiency is 22% and the neutron die-away time is 52 ps. For
operationrd mode(2), the efficiency decreases to 7% and the die-away time decreases to
16VS.

An in-plant test and evaluation (Ref. 16) of the counter was performed at the
Savannah River Plant Separations Area. A variety of incoming plutonium metal and
oxide shipments were assayed with the counter. During the test period of 18months the
dual-range counter operated with good reliability and stability. For large metal and oxide
samples, assay precision based on counting statistics and reproducibility was better than
1% (la). Assay accuracy was 2% (la) for pure metal samples if a self-multiplication
correction was used. Assay accuracy was 3% (lo) for plutonium oxide if separate
nonlinear calibration curves, without self-multiplication corrections, were used for each
type of oxide. Assay aeeuraey was on the order of 10%(1u) for impure metal samples.
For a limited number of scrap samples the accuracy varied between 5 and 25%(10).

A dual-range counter manufactured by the National Nuclear Corp. is used by the
Rockwell Hanford Facility, Richland, Washington, to rapidly verifi plutonium-bearing
items before shipment or after receipt (Ref. 17). Measurements on roughly 1000 items
are reported in Ref. 17. The average scatter (per sample) between the book value and
passive neutron assay (see Figure 17.22) is 4% (la) for plutonium metal. Other results
are 5%(10) for plutonium oxide, 3% for polystyrene cubes with mixed plutonium and
uranium, 27%for fuel-rod scrap, and 70%for miscellaneous scrap. Summing over each
category yields a bias between book value and assay of about 1%for metal, oxide, and
the polystyrene cube%and 10%for the other scrap.
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Fig.17.21 Dual-RangeCoincidenceCounter(DRCC)forthe
assay ofplutonium samples in the moss range 1 to
4ooog.

The above in-plant experience with the dual-range counter showed that neutron
coincidence counting provided assay accuracies of 2 to 4% for well-charactmized
plutonium metal and oxide. For heterogeneous oxide and impure metal, coincidence
cmmting did not have a clear-cut advantage over total neutron counting. This is because
the self-multiplication correction was useful only for pure metal and very well
characterized oxides where geometry effeets were &eater than (u.p)-induced multipli-
cation effkcts. For other large, multiplying samples the total neutron response ohm
provided a more accurate assay because it was leas sensitive to multiplication. On the
other hand, for scrap materials with low multiplication where it was necessary to
discrimina te against neutrons from strong (ujn) reactions or high room backgrounds, the
coincidence response was more accurate. For a wide range of material categories, it is
generally usefhl to measure both the coincidence and the total neutron response.

17.3 ACTIVE NEUTRON COINCIDENCE SYSTEMS

The passive HLNCC and the many specialized detector heads that evolved fkom it
have been particularly usefid for passive assay of plutonium. However, these instru-
ments cannot be used for passive assay of most uranium samples because of the
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extremely low spontaneous fission yields. For assay of uranium, active neutron coin-
cidence counters have been developed that use the same electronics package, are equally
portable or transportable, and use small AmLi random neutron sources for subthreshold
interrogation of 235LJor 233U.These active neutron coincidence counters can also be
operated in the passive mode by removing the interrogation sources. They are described
in this chapter because of their similarity to passive counters. They include

(1) the Active Well Coincidence Counter (AWCC),
(2) the Uranium Neutron Coincidence Collar (UNCC),
(3) the Passive Neutron Coincidence Collar (PNCC), and
(4) the Receipts Assay Monitor (RAM) for UF6 cylinders.

17.3.1 The Active Well Coincidence Counter (AWCC)

F-~ 17.23 illustrates the design of the AWCC (Ref. 18). The appearance is very
similar to that of a passive coinciden~ counter except for the two small (- 5 X Id n/s)
AmLi neutron sources mounted above and below the assay chamber. Two rings of 3He
tubes give high efficiency for counting coincidence events from induced fissions. The
AmLi sources produce no coincident neutrons but do cause many accidental coin-
cidences that dominate the assay error (see Section 16.7.2). Thus the polyethylene
moderator and cadmium sleeves are designed for most efficient counting of the induced
fission neutrons but inefficient counting of the (a,n) neutrons from the AmLi interroga-
tion source.
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The nickel reflector on the interrogation cavity wall gives a more penetrating neutron
imadiation and a slightly better statistical precision than would be obtained without it.
With the nickel in place, the maximum sample diameter is 17 cm. For larger samples,
the nickel can be removed to give a sample cavity diameter of 22 cm. The end plugs have
polyethylene disks that serve as spacerq the disks can be removed to increase the sample
chamber height. Removing the disks on the top and bottom plugs allows the cavity to
accommodate a sample that is 35 cm tall.

A cadmium sleeve on the outside of the detector reduces the background rate from
low-energy neutrons in the room. A cadmium sleeve in the detector well removes
thermal neutrons ffom the interrogation flux and improves the shielding between the
%Ie detectors and the AmLi souray with this cadmium sleeve in place the AWCC is said
to be con6gured in the “tit mode.” The neutron spectrum is relatively high en~, and
the counter is suitable for assaying large quantities of ‘~. With the cadmium sleeve
remov~ the AWCC is in the “thermal mode.? The neutron spectrum is relatively low
energy and the sensitivity of the counter is greatly enhanc@ but the penetrab@ of the
interrogation neutrons isi very low. In the thermal mode the counter is miitable for
assaying small or low-enriched uranium samples.

Table 17-2summarizes~e performance characteristics of the AWCC for both the tit
and thermal modes of operation. The absolute assay precision is nearly independent of
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Table 17-2.Performance characteristics of the AWCC

Characteristic Thermal Mode Fast Mode

Deteetion efficiency
Die-awaytime
Range
Low-enrichmentU30S
High-enrichmentmetal
Absoluteprecisionfor
largesamples(1000s)

SensitivityIim@for
smallsamples(1000s)

28%
50 ps

cWOg23%J loo-2oooog235U

11counts/8-g 235U 0.18counts/s-g 235U
NA 0.08 counts/s-g 235U
o.3g23*u 18g23%J

24 g 235U

‘Defined as net coincidencesignalequalto 3crofbackgroundin 1000-s
countingtimes.

themass being asaaye~ (see Seetion 16.7.2). In general, the AWCC is best suited for
high-mass, highly enriched uranium samples and should not be used for low- 235U-mass
samples exeept for welldefined samples in the thermal mode. The AWCC ean also be
used for the passive assay of plutonium by removing the AmLi sources.

In comparison with the conventional fast Random Driver (Ref. 1),the AWCC is more
pmlable, lightweight, stable, and less subject to gamma-ray backgrounds. This last
feature makes it applicable to 233U-Thfbel-cycle materials, which generally have very
high gamma-ray backgrounds from the decay of 232U. The Random Driver has the
advantage that the neutron interrogation spectrum has a higher average energy and thus
gives better penetration (Ref. 19). Also, the Random Driver haa a 1000-times-shorter
coincidence gate length, making it possible to use higher interrogation source strengths
to improve sensitivities.

The AWCC has been evaluated for several measurement problems that are of interest
to inspectors. These include (1) high-enriched-uranium (93% 235U) metal buttons
weighing approximately 1 to 4 kg, which are input materials to fabrication facilities (2)
cans of uranium-aluminum scrap generated during manufacture of fiel elementv (3)
cans of uranium-oxide powder (4) mixtures of uranium oxide and graphite; (5)
uranium-aluminum ingots and fuel pins and (6) materials-testing-reactor (MTR) fuel
elements.

Typical calibration curves are shown in Figures 17.24and 17.25 for cases(l), (3), and
(4). All the calibration curves show the effketaof neutron absorption within the uranium,
and Figure 17.24also shows the opposing effeet of self-muhiplieation within the metal.

Recent field tests (Ref. 20) with MTR fiel elements have shown that it is possible to
obtain - 1% aeeuracy in assay times of 400 s. The advantage of the AWCC over the
traditional gamma-ray assay for MTR fiel elements is that the AWCC haa no problems
with different plate geometries and lower 235Uenrichments. For applications to MTR-
type fbel elements and plates,.the AWCC is reconfigured as shown in Figure 17.26 (Ref.
21). The two AmLi sources are positioned in the interior of the polyethylene insert that
holds the MTR elements. Figure 17.27 shows the calibration cuiwe for typical MTR fbel
plates and elements.
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17.3.2 The Uranium Neutron Coincidence Collar (UNCC)

For safeguards purposes, it is of high interest to measure fill fuel assemblies because
they constitute the output product from the plant and the input to the reactors. Enriched
uranium is often transferred from one installation or country to another in the form of
fuel assemblies.

An active neutron interrogation technique (Ref. 22) has been developed for measure-
ment of the 235U content in fresh fuel assemblies. The method employs an AmLi
neutron source to induce fission reactions in the fuel assembly and coincidence counting
of the resulting fission reaction neutrons. Coincidence counting eliminates the undesired
neutron counts from the random AmLi interrogation source and room background.
When no iritemo tion source is present, the passive neutron coincidence rate gives a

rmeasure of the 23 U through the spontaneous fission reactions. When the interrogation
source is adde~ the increase in the coincidence rate gives a measure of 235U. The
Uranium Neutron Coiticidence Collar (UNCC) system can be applied to the fissile
content determination in boiling-water-reactor (BWR), pressurized-water-reactor
(PWR), and other type fhel assemblies for accountability, criticality contro~ and
safeguards purposes.

Active neutron systems using thermal neutron interrogation, such as the UNCC, have
neutron self-shielding problems that limit the sensitivity in the interior of an assembly,
but the presbnt UNCC compensates for this limitation by fast-neutron multiplication,
which is higher in the central region. The multiplication effect is enhanced by the
coincidence counting because of the increase in the effective number of time-correlated,
neutrons emitted by the sample when multiplication occurs. In effect, the system works
like a reactivity gage for the fiel assembly, and the removal of fissile material from the
assembly lowers the neutron reactivity and thus the coincidence response.

The UNCC consists of three banks of 3He tubes and an AmLi source embedded in a
highdensity polyethylene body with no cadmium liners. The 183He neutron detector
tubes are 2.54 cm in diameter and 33 cm long (active length). The polyethylene body
dorms three basic fhnctions in the system: (1) general mechanical support, (2)
interrogation source neutron moderation, and (3) slowing down of induced fission
neutrons prior to their detection in the 3He tubes. For inspection applications, it is
desirable to make the system portable. The weight of the detector system is ~30 kg.

The complete assay system shown in Figure 17.28 consists of the detector body, the
electronics unit, the HP-97 calculator, and a support cart. For applications, the cart is
moved next to a fiel assembly. The back detector bank of the unit is hinged to aid in
positioning the system around the fbel assembly.

Tests and evaluations of the UNCC have been performed at both PWR (Ref. 23) and
BWR (Ref. 24) fuel fabrication facilities. Active-mode interro ation to measure 235U

~sgu con~nt were botheontent and passive-mode coincidence countin to determine
5carried out. The UNCC measures the 235Uor 3SU content per unit length, which is

proportional to the enrichment for a given type of assembly. The sample region is ~ 400
mm long, centered in thernidplane of the detector body.

A series of measurements were @ormed (Ref 23) usin fill-size (17- by 17-rod)
2$5U Thethema~ neu~onPWR assemblies with enrichments ranging horn 1.8 to 3.4% . .

interrogation was saturated for all of the fuel assemblies; however, the measured
response continued to increase as a function of enrichment because the fast-neutron
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Fig.17.28 UraniumNeutron
CoincidenceCollar
(UNCC) with the
stanalzrdcoin.
cidenceelectronics
pachugeinposition
forthemeasure-
meitt ofa mock
PWRfiel as-
sembly.

multiplication increased with increasing enrichment. Similar measurements were
performed for BWR fiel, and the calibration curve in Figure 17.29 corresponds to 8- by
8-rod BWR fiel assemblies.

In summary, the statistical precision for a 1000-s run varied from 0.6 to 0.9% (lo),
depending on the type of assembly. For longer counting periods, the ultimate precision
was about 0.1% for repeat runs with a fixed geometry. The response curve was not
saturated and continued to increase as the enrichment increased through the normal
range of LWR fuel. Relative loading variations as small as 1.9%can be detected in a
measurement time of 1000s. Longer measurements can fbrther reduce the statistical
uncertainties. The UNCC has recently been put into routine use for inspection applica-
tions.

17.3.3 The Passive Neutron Coincidence Collar (PNCC)

The UNCC just described has been modified for verification of mixed-oxide fhel
contained in FBR subassemblies or LWR assemblies (Ref 25). ,Mixed-oxide t%el
assemblies have a strong internal neutron source horn the spontaneous fission of 2%
and from (%n) reactions, so it is not necessary to use an external AmLi neutron source to’

———
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Calibrationcurvesfor the
UNCCappliedto 8- by8-rod
BWR~eIarsemblies with
dflerent gadolinium load-
ings.

induce fissions. The Passive Neutron Coinciden~ Collar (PNCC) (Figure 17.30) is
simikr to the UNCC except that the side containing the AmLi neutron source has been
replaced by a fourth detector bank and removable,,cadmium liners have been placed
between the detector and the fiel assembly. The PNCC has been designed with the same
basic dimensions and specifications as the stanck&i UNCC for interchangeability of

In the passive mdde, the neutrons originating fiorn spontaneous fission reactions are
measured using normal neu~ron coincident pounti~ to determine the 2~-effective.
In the active mode, the passive neutroxis arerefkjti!d back into the assembly to induce
fission reactions in the fissile component of the fiel~ To determine the fiction of the
neutrons resulting from the reflection process, the albedo of the boundary surrounding
the assembly is changed by inserting and removing a cadmium liner.

Both the coincidence rate (R) and totah rate (T) are measured with and without the
cadmium absorber. The normal passive-mode calbtition curve corresponds to R vs
~-effective, and it is generally necessary to make corrections for the multiplication
ilom the fissile component. Various techniques have been used to make this correction,
mid the present cadmium ratio determination gives a ‘measure of the fissile component
and multiplication.

The induced fission rate fkom the reflected neutrons is proportional to the quantity R
(without cadmium) - R (with cadmium) = AR.However, AR is also proportional to
the neutron source strength, which is different for each subassembly. To remove the
source strength from the response fiction, one divides by T to obtain the quantity
AR/T, which is related to the fissile content independent of the source strength.

Preliminary meas~ements with F’BR subassemblies have been carried out at the
Windscale Works in the United Kingdom (Ref 26). Both the passive and active modes
were evaluated. Figure 17.31 shows the results of the measurements the lower curve
corresponds to the normal 2~-effective results with the cadmium liners in place and
the upper curve shows the increase in response when the liners are removed. This
increase is caused by the additional fissions from. the self%nterrogation of thermal
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neutrons. If there were no fide material present, there would be no separation in the
curves. The results of the tests gave a stan&rd deviation of 0.75% for the passive
measurement and 3 to 7% for the active measurement for a 1000-s counting time. The
unit will be used in the future for verifying the plutonium content of ilesh fiel
assemblies.

17.3.4 Receipts Assay Monitor (RAM) for UF6 Cylinders

In order to saf- and account for the highly enriched uranium produced by
235Ucontent of UF6 product storageenrichment planm it is necessary to measure the

cylinders. For enrichments above 20% 235U,the UF6 is stored in Model 5A cylinders
that are nominally 127mm in diameter and 914 mm tall. Current methods of measuring
enrichment of this material include counting the 186-keV gamma-ray emissions from
23%Jnear the surfhce of the cylinder. A new neutron assay technique has been developed
(Ref. 27) that directly samples the entire UF6 volume of Model 5A storage cylinders to
determine 23% content. This passive technique, based on self-interrogation and coin-
cidence counting, was identified after evaluating a variety of possible applications of the
Neutron Coincidence Collar. The coincidence counter that was developed to implement
this technique is the RAM illustrated in Figure 17.32.
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TheRAM (Ref 27)contains203He tubes of 61-cm active length. Cadmium sleeves
on the 3Hetubes are used to obtain a flat efficiency profile over the UF6 fill height which
is typically 30 to 40 cm. Fast AMPTEK electronics are built into the top of the counter,
and some shock absorbing ‘materials are provided in this region to minimize possible
impacts from UF6 cylinders as they are lowered into the well. A unique fmture of the
RAM is the motor-driven cadmium liner, which ean be operated manually or by an
external microcomputer. Atypical assay sequence consists of a 120-smeasurement with
the liner down and a 360-s measurement with the liner up, yielding a counting precision
of about 0.5%.

In this new passive/active coincidence technique, passive neutrons horn (~n) reac-
tions in the UF6 are utilized to induce fission reactions (active) in the ‘5U. Because the
(%n) neutrons are emitted randomly in time, the coincidence counting rate R gives a
direot measure of the induced fission rate, The (~n) “interrogation source strength” is
measured by the totals counting rate T. The ratio R/T is proportional to M(M – 1),
where M is the net leakage multiplication, and is independent of the (%n) source
strength. The quantity M(M – 1) i> in tu~ closely related to 235Ucontent.

The primary source of (~n) neutrons in enriched UF6 is the alpha decay of 234U
reacting with fluorine atoms (see Table 11-3 in Chapter 11). In addition, 232U can
contribute a small flaction of the alpha @wticles; There is alsq a ,murce of time-
correlated neutrons from the spontaneous fission of 23*U.This rate’is low (1.36 X 10–2
n/s-g ‘*U) and is negligible for the higher enrichments because ,ofthe decrease in 23*U
ahd the indease in 2MU.The magnitu& of the 23*Uspontaneous fission contribution is
about 10%of the indu~ 23%J “~alforane nrichment of 20%23SW,it is less ~n 1%for
enrichments greater than 50%23 U (see Tables 14-3and 14-4bf Cliapter 14).

F- 17.33 shows assay results for 38 Model 5A Uqfj cylin~rs measured by self-
interrogation (Ref. 27). The coincident-to-tottds ratio R/T was correct@ by a factor,,

0- 1 1 , 1 1 ! 1 I

0 2 4 6 B 10 12 14 16

u-233 (KG)

Fig.17.33 Assay resu/tsfor38hfode15A UF6cylindersmeasured with
theRAM. The ive,correctedR/Tratio isplottedas a
jimction of 23gontent.
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based on ke increase in the totals rate that occurs when the cadmium liner is removed.
This correction fmtor helps compensate for variations in UF6 density and self-multipli-
cation fkomone cylinder to the next. The observed scatter about the fitted curve is about
10%(lIs) without the correction and 2.8%with the correction. This scatter is expected to
demase as the correction based on the movable cadmium liner becomes better
understood. Data for many pardally-tilled cylinders is not shown in Figure 17.33,but the
corrected R/T ratio is expected to provide a nearly linear calibration curve, and should
be able to verify the ‘5U content over a wide range of fill heights.
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